Nadachowska‐Brzyska K, Burri R, Ellegren H. Footprints of adaptive evolution revealed by whole Z chromosomes haplotypes in flycatchers. Mol Ecol. 2019;28:2290--2304. 10.1111/mec.15021 30653779

**Data Availability Statement:** The genome resequencing data are freely available in EMBL‐EBI European Nucleotide Archive (<http://www.ebi.ac.uk/ena>) under accession number PRJEB7359. Phased male data sets are available on Dryad repository.

1. INTRODUCTION {#mec15021-sec-0001}
===============

One of the major goals in evolutionary biology is to understand the processes underlying sequence diversity. In particular, it is commonly asked whether the genetic variation observed within species can be explained by recent or ongoing selection, or if it is mainly governed by neutral processes (Cutter & Payseur, [2013](#mec15021-bib-0011){ref-type="ref"}; Nielsen, [2005](#mec15021-bib-0051){ref-type="ref"}; Nielsen, Hellmann, Hubisz, Bustamante, & Clark, [2007](#mec15021-bib-0052){ref-type="ref"}; Vitti, Grossman, & Sabeti, [2013](#mec15021-bib-0074){ref-type="ref"}). Different types of selection are expected to leave different signatures on the pattern of sequence variation. For selective sweeps, these include low levels of genetic variation around the selected sites, elevated linkage disequilibrium, skewed allele frequency spectrum, and elevated rates of between‐population divergence (Fay & Wu, [2000](#mec15021-bib-0021){ref-type="ref"}; Nielsen, [2005](#mec15021-bib-0051){ref-type="ref"}; Vitti et al., [2013](#mec15021-bib-0074){ref-type="ref"}). The magnitude of the observed signals is depended on the initial frequency of a beneficial allele and the time that has passed since selection started to act. The most pronounced signatures are predicted when selection acts on de novo mutations (hard sweep model, Kim & Stephan, [2002](#mec15021-bib-0035){ref-type="ref"}; Przeworski, [2002](#mec15021-bib-0057){ref-type="ref"}; Smith & Haigh, [1974](#mec15021-bib-0065){ref-type="ref"}).

New mutations are associated with a given set of linked SNPs (forming a haplotype) that can become fixed by hitchhiking with a focal variant under selection. This will generate strong linkage disequilibrium and deplete nucleotide diversity in the neighbouring genomic region. As time passes, we expect to see an excess of high‐frequency derived alleles, and, after fixation of the selected allele, an excess of rare alleles that start to accumulate on a homogenized genetic background. Less pronounced signals are predicted when selection starts acting on standing genetic variation, where a focal variant can be associated with several haplotypes present in the population (soft sweep models, Hermisson & Pennings, [2005](#mec15021-bib-0025){ref-type="ref"}; Pennings & Hermisson, [2006](#mec15021-bib-0054){ref-type="ref"}; Pritchard & Di Rienzo, [2010](#mec15021-bib-0056){ref-type="ref"}; Teshima, Coop, & Przeworski, [2006](#mec15021-bib-0069){ref-type="ref"}), or in the case of still incomplete sweeps (regardless if they are soft or hard sweeps).

Detecting very recent events of selection, where the beneficial allele(s) is still in low or intermediate frequency may be difficult by methods based on the site frequency spectrum (SFS) or F~ST~‐based scans (Fariello, Boitard, Naya, Sancristobal, & Servin, [2013](#mec15021-bib-0020){ref-type="ref"}; Vitti et al., [2013](#mec15021-bib-0074){ref-type="ref"}; Voight, Kudaravalli, Wen, & Pritchard, [2006](#mec15021-bib-0075){ref-type="ref"}). However, haplotype‐based statistics that rely on the decay of haplotype homozygosity away from a focal site may pick up signals of ongoing selection much earlier (Vatsiou, Bazin, & Gaggiotti, [2016](#mec15021-bib-0071){ref-type="ref"}; Voight et al., [2006](#mec15021-bib-0075){ref-type="ref"}). Although haplotype statistics have been used in population genetics for a long time, their application to genome‐wide data is still relatively limited and, when it has been done, skewed towards model organisms, in particular humans (Amorim et al., [2017](#mec15021-bib-0002){ref-type="ref"}; Didion et al., [2016](#mec15021-bib-0013){ref-type="ref"}; Sabeti et al., [2002](#mec15021-bib-0059){ref-type="ref"}; Schlamp et al., [2016](#mec15021-bib-0063){ref-type="ref"}; Triska et al., [2015](#mec15021-bib-0070){ref-type="ref"}; Voight et al., [2006](#mec15021-bib-0075){ref-type="ref"}). This is due to the fact that genome‐wide haplotype‐based statistics can only be estimated on chromosomes of known phase. Typically, phase has to be statistically inferred when analysing diploid organisms and, to be reliable, this requires very large resequencing data sets (Akagi, Hanada, Yaegaki, Gradziel, & Tao, [2016](#mec15021-bib-0001){ref-type="ref"}; Gagnaire, Pavey, Normandeau, & Bernatchez, [2013](#mec15021-bib-0023){ref-type="ref"}; Nelson, Wallberg, Simões, Lawson, & Webster, [2017](#mec15021-bib-0050){ref-type="ref"}; Schlamp et al., [2016](#mec15021-bib-0063){ref-type="ref"}; Vijay et al., [2016](#mec15021-bib-0073){ref-type="ref"}).

An interesting possibility to circumvent the need for statistical phasing in selection scans is to focus on sex chromosomes and use sequence data from the hemizygote sex; that is males in organisms with male heterogamety (X and Y sex chromosomes) and females in organisms with female heterogamety (Z and W sex chromosomes). This will provide the full X or Z chromosome haplotype for each hemizygous individual and should dramatically facilitate tests for selection both in terms of length and accuracy of the underlying haplotype data. Although limited to a single chromosome, such tests can be of particular relevance given the disproportionate role of sex chromosomes in adaptation and speciation suggested for many organisms (the fast‐X and large‐X effects; Meisel & Connallon, [2013](#mec15021-bib-0045){ref-type="ref"}; Presgraves, [2008](#mec15021-bib-0055){ref-type="ref"}; Qvarnström & Bailey, [2009](#mec15021-bib-0058){ref-type="ref"}).

Black‐and‐white flycatchers of the genus *Ficedula* are small passerine birds that recently (\<1--2 million years; Nater, Burri, Kawakami, Smeds, & Ellegren, [2015](#mec15021-bib-0049){ref-type="ref"}) radiated into four species: Atlas flycatcher (*F. speculigera*), collared flycatcher (*F. albicollis*), pied flycatcher (*F. hypoleuca*) and semicollared flycatcher (*F. semitorquata*). Following the generation of a chromosome‐level assembly of the collared flycatcher genome (Ellegren et al., [2012](#mec15021-bib-0019){ref-type="ref"}; Kawakami et al., [2014](#mec15021-bib-0034){ref-type="ref"}), attempts have been made to infer the processes behind the heterogeneous genomic landscapes of diversity and differentiation seen in *Ficedula* species (Burri et al., [2015](#mec15021-bib-0005){ref-type="ref"}; Dutoit, Burri, Nater, Mugal, & Ellegren, [2017](#mec15021-bib-0014){ref-type="ref"}; Dutoit, Vijay, et al., [2017](#mec15021-bib-0015){ref-type="ref"}; Ellegren et al., [2012](#mec15021-bib-0019){ref-type="ref"}; Kawakami et al., [2017](#mec15021-bib-0033){ref-type="ref"}), as well as how demography has shaped these landscapes (Kardos, Qvarnström, & Ellegren, [2017](#mec15021-bib-0032){ref-type="ref"}; Nadachowska‐Brzyska et al., [2013](#mec15021-bib-0046){ref-type="ref"}; Nadachowska‐Brzyska, Burri, Smeds, & Ellegren, [2016](#mec15021-bib-0047){ref-type="ref"}). Here, we seek to infer the role of adaptive evolution on flycatcher sex chromosomes by benefitting from full Z chromosome haplotypes in genomic resequencing of female birds. We use these data in scans for ongoing and recently completed sweeps in the four mentioned species. Having identified a number of regions on the Z chromosomes that show strong signatures of adaptive evolution based on female haplotypes, we demonstrate that these signals would not have been captured if statistically inferred male haplotypes had been used.

2. MATERIALS AND METHODS {#mec15021-sec-0002}
========================

2.1. Data and data analysis {#mec15021-sec-0003}
---------------------------

Analyses were performed on SNP data obtained from whole genome resequencing of 200 flycatchers (Burri et al., [2015](#mec15021-bib-0005){ref-type="ref"}), including collared flycatchers (80 individuals from four populations, 20 individuals per population), pied flycatchers (80 individuals from four populations, 20 individuals per population), Atlas flycatcher (20 individuals from one population) and semicollared flycatcher (20 individuals from one population). Collared flycatchers were sampled in Italy, Hungary, the Czech Republic, and on the Baltic Sea island Öland (Sweden). Pied flycatchers were sampled in Spain, the Czech Republic, Sweden (mainland), and on Öland. Atlas flycatchers were sampled in the Moroccan Atlas Mountains and semicollared flycatchers in Bulgaria.

In all populations 10 males and 10 females were sampled, with the exception of Atlas flycatchers (six females, 14 males), semicollared flycatcher (10 females and nine males) and Italian collared flycatcher (11 females, nine males). Details about sequencing and variant calling are provided in Burri et al. ([2015](#mec15021-bib-0005){ref-type="ref"}). Briefly, DNA was prepared using Qiagen\'s Blood and Tissue Kit and sequencing was performed with Illumina paired‐end sequencing technology on a HiSeq 2000 instrument at the SNP&SEQ Technology Platform of Uppsala University. An insert size of \~450 bp was used in individually tagged libraries and fragments were sequenced from both ends using 100 cycles. SNP genotyping followed the recommendation of GATK best practices (McKenna et al., [2010](#mec15021-bib-0044){ref-type="ref"}). Base quality score recalibrations (BQSR) were performed for each population separately. The mean genome‐wide coverage varied from 12x to 21x per population (Burri et al., [2015](#mec15021-bib-0005){ref-type="ref"} in Table [S2](#mec15021-sup-0001){ref-type="supplementary-material"}). One collared flycatcher and one pied flycatcher from the Öland populations turned out to be hybrids (identified based on samples' heterozygosity pattern, many SNPs in hybrid individuals were heterozygous at places known to be fixed for alternative alleles in the two species) and were excluded from further analysis. We divided the data into one data set consisting only of females and one only of males.

For downstream analysis we only used SNP data from reads mapping to Z‐linked scaffolds in the collared flycatcher genome assembly version fAlb15, excluding the 630 kb pseudoautosomal region (PAR; Smeds et al., [2014](#mec15021-bib-0064){ref-type="ref"}). In addition to the quality filtering described by Burri et al. ([2015](#mec15021-bib-0005){ref-type="ref"}), we further filtered the data for high quality SNPs by considering only sites with at least five reads in at least 50% of the individuals in a given population, and at least two reads in other individuals of that population. This additional filter was motivated by the fact that the Z chromosome has lower coverage in females (approximately two times lower since females carry only one Z chromosome). SNPs were polarized using resequencing data from red‐breasted flycatcher (*F. parva*) and snowy‐browned flycatcher (*F. hyperythra*; Burri et al., [2015](#mec15021-bib-0005){ref-type="ref"}). We retained 80,000--16,000 Z‐linked SNPs per population.

Sequence data from males were phased using SHAPEIT2 (Delaneau, Zagury, & Marchini, [2013](#mec15021-bib-0012){ref-type="ref"}) with window size of 0.5 Mb and 500 iterations, including 200 iterations of burn‐in and pruning. Statistical phasing was performed with several data sets. First, we phased 10 males within each population (which had at least 10 males sequenced). Second, we combined all males from all populations and species, and phased them all together. Additionally, we performed phasing within each population including both males and females. Furthermore, we phased a total of 80 males from an additional data set of Öland collared flycatchers (Kardos, Husby, McFarlane, Qvarnström, & Ellegren, [2016](#mec15021-bib-0031){ref-type="ref"}).

In all phasing procedures we used recombination rates from a collared flycatcher linkage map with rates estimated in 1 Mb windows (Kawakami et al., [2014](#mec15021-bib-0034){ref-type="ref"}). To be able to associate individual SNPs with recombination rate we linearly interpolated recombination rates estimated in neighbouring windows.

2.2. Haplotype‐based statistics {#mec15021-sec-0004}
-------------------------------

Integrated haplotype score (iHS) (Voight et al., [2006](#mec15021-bib-0075){ref-type="ref"}) and cross population extended haplotype homozygosity (XP‐EHH) (Sabeti et al., [2007](#mec15021-bib-0060){ref-type="ref"}) scans were performed using the selscan software (Szpiech & Hernandez, [2014](#mec15021-bib-0067){ref-type="ref"}). We used default parameters with a maximum gap size of 200 kb and an EHH decay cut‐off of 0.05. iHS is calculated as the decay of haplotype homozygosity as a function of recombination distance, for which we used the same recombination rate data as above (Kawakami et al., [2014](#mec15021-bib-0034){ref-type="ref"}). Additionally, we calculated iHS statistics based on population recombination rate estimates (rho) available for both collared and pied flycatcher population (rho = 3N~e~r for Z chromosome; Kawakami et al., [2017](#mec15021-bib-0033){ref-type="ref"}). To translate rho into recombination rate (cM/Mb), we used coalescent‐based N~e~estimates from Nater et al. ([2015](#mec15021-bib-0049){ref-type="ref"}). The results for each SNP were normalized in 0.05 frequency bins and summarized in 200 kb windows (by calculating percentage of SNPs with \|iHS\| of different values in 200 kb windows). We considered a window to be an outlier if at least 10% of the SNPs had \|iHS\| values (i.e., the *Z*‐score) above 2, but also tested several other criteria (Supporting Information Table [S1](#mec15021-sup-0001){ref-type="supplementary-material"}).

The XP‐EHH statistic was calculated between all population pairs of pied flycatcher and collared flycatcher, respectively. For between‐species comparisons we selected one population from pied flycatcher (Spain) and one population from collared flycatcher (Italy), and calculated XP‐EHH between all possible species pairs including Atlas flycatcher and semicollared flycatcher. We expected to detect two categories of outlier regions. The first category would consist of regions where a signal of selection for a particular population is visible in all between‐population comparisons that include the population in question, and is absent in all comparisons that do not include it. We expected to see such a pattern when selection acts only in one population or when the analysed populations are at different stages of a selective sweep (i.e., ranging from the selected allele(s) beginning to rise in frequency to being close to fixation or already fixed). The second category would consist of regions where the signal of selection for a particular population is visible in some between‐population comparisons that include that population and in some but not all comparisons that do not include it. We expect to observe such a pattern when selection acts on at least two populations but is absent in other populations or, as in the first category, the studied populations are at different stages of a selective sweep. For example, if the selected site has been fixed in two out of four populations we expect to detect a selection signal in four population pairs; that is in comparisons between a population with the fixed variant and a population with the advantageous allele still segregating.

The results of XP‐EHH selection scans were normalized chromosome‐wide and summarized in 200 kb windows (by calculating percentage of SNPs with XP‐EHH of different values in 200 kb windows). Similar to the iHS selection scans we considered a window to be an outlier if \>10% of SNPs had a value of XP‐EHH \>2 (for one population in pairwise comparison) or XP‐EHH \<−2 (for the other population). Additionally, we considered a window to be an outlier if selection was detected in at least three between‐species comparisons. Additionally, since XP‐EHH was calculated for many pairs of populations and at least some signals may be false positives due to multiple testing, we also checked more strict threshold (\>15% of SNPs with XP‐EHH \>2 or XP‐EHH \<−2).

The number of segregating sites by length (nSL) statistic was calculated using the original implementation from Ferrer‐Admetlla, Liang, Korneliussen, and Nielsen ([2014](#mec15021-bib-0022){ref-type="ref"}). The nSL statistic measures haplotype length as a function of number of segregating sites. It does not need recombination rate information and should be more robust to recombination rate variation. We used a default value for nSL window size of 200 (defined as number of segregating size) but also considered window sizes of 500 and 1,000. The results of nSL scans were normalized and summarized following the same procedures as in the case of the iHS statistic.

Nucleotide diversity (π), Tajima\'s D (Tajima, [1989](#mec15021-bib-0068){ref-type="ref"}) and Fay and Wu\'s H (Fay & Wu, [2000](#mec15021-bib-0021){ref-type="ref"}) for all populations (including males and females) were estimated in ANGSD (Korneliussen, Albrechtsen, & Nielsen, [2014](#mec15021-bib-0037){ref-type="ref"}) and summarized in 200 kb windows.

3. RESULTS {#mec15021-sec-0005}
==========

We used whole genome sequence data from 97 female flycatchers of four closely related species and extracted full Z chromosome haplotypes. These haplotypes were then used as input files in scans for selection based on the iHS, nSL, and XP‐EHH statistics. iHS and nSL are primarily expected to capture signatures of ongoing sweeps. XP‐EHH can detect recently completed sweeps.

3.1. Identifying signatures of haplotype structure {#mec15021-sec-0006}
--------------------------------------------------

iHS selection scans revealed several regions, in all species, with strong haplotype structure in the form of clustering of outlier windows (Figure [1](#mec15021-fig-0001){ref-type="fig"}, Table [1](#mec15021-tbl-0001){ref-type="table"}). Three genomic regions in particular showed pronounced signals of extended haplotype homozygosity. In Atlas flycatcher, a 4.4 Mb segment of 22 consecutive outlier windows at position 40.2--44.6 Mb was by far the most distinct cluster in this species and also represented the strongest signal seen in any species (21 windows with \>30% SNPs with iHS \>2 per window). In collared flycatcher, a 5 Mb segment of 25 outlier windows (position 49--54 Mb; 21 windows with \>30% SNPs with iHS \>2 per widow) was found in the Czech Republic population and a 6.2 Mb segment of 31 windows (position 2.6--8.8 Mb; 8 widows with \>30% SNPs with iHS \>2 per widow) was detected in the Hungarian population (Figures [1](#mec15021-fig-0001){ref-type="fig"} and [2](#mec15021-fig-0002){ref-type="fig"}). These regions are represented by orange or red colour in Figure [2](#mec15021-fig-0002){ref-type="fig"}.

![Absolute iHS values plotted along the Z chromosome for 10 flycatcher populations. Each dot corresponds to a single SNP. SNPs with \|iHS\| \>2 are shown in yellow \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](MEC-28-2290-g001){#mec15021-fig-0001}

###### 

Statistics for iHS outlier windows. A window was considered to be an outlier if at least 10% of SNPs had \|iHS\| \> 2 (equivalent to Z‐score equal 2).

  Species                   Population   Number of windows   Percentage of windows   Number of clusters   Size of the biggest cluster (Mb)
  ------------------------- ------------ ------------------- ----------------------- -------------------- ----------------------------------
  Collared flycatcher       Öland        24                  7                       14                   1.2
  Czech Republic            67           20                  17                      5                    
  Hungary                   52           15                  9                       6.2                  
  Italy                     67           20                  9                       3.6                  
  Average                   52.5         15                  12.2                    4                    
  Pied flycatcher           Sweden       13                  4                       9                    0.8
  Öland                     14           4                   11                      0.4                  
  Czech Republic            58           17                  23                      2.2                  
  Spain                     24           7                   11                      1.4                  
  Average                   27.25        8                   13.5                    1.2                  
  Atlas flycatcher                       30                  9                       6                    4.4
  Semicollared flycatcher                47                  14                      25                   1.6
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![Heat map representing patterns of haplotype structure on Z chromosome among flycatcher populations. Windows are coloured according to the colour bar scale showing the percentage of SNPs with \|iHS\| \>2 \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](MEC-28-2290-g002){#mec15021-fig-0002}

In the analyses presented above we used recombination rate data from a collared flycatcher linkage map. Very similar selection landscapes were observed in iHS selection scans using instead species‐specific LD‐based recombination map data (Kawakami et al., [2017](#mec15021-bib-0033){ref-type="ref"}; Supporting Information Figure [S1](#mec15021-sup-0001){ref-type="supplementary-material"}). In the majority of populations recombination rate did not correlate with iHS statistics. In three populations the correlation was significant but very weak; 0.02 \< *r* \< 0.05 (Öland collared flycatcher populations, Spanish pied flycatcher population and Atlas flycatcher).

The patterns of haplotype structure were predominantly population‐specific (Figure [2](#mec15021-fig-0002){ref-type="fig"}), as might be expected for ongoing sweeps, with only some clusters of outlier windows partially shared among populations within species. As an example, a significant part of the large outlier cluster at position 3--9 Mb was shared between collared flycatchers from Czech Republic and Hungary. On average, collared flycatcher had twice as many outlier windows (24--67 per population) as pied flycatcher (13--58). However, since collared flycatchers showed much wider regions of extended haplotype homozygosity, both species displayed similar numbers of clusters per population (means of 12.2 and 13.5, respectively). Atlas flycatcher had six and semicollared flycatcher 25 clusters of outlier windows.

nSL selection scans revealed similar patterns to that seen with iHS (correlation coefficient, *r*, ranged from 0.3 to 0.8 per population; all *p* \> 0.001), meaning that the same genomic regions were typically detected as candidates for sweeps. Comparable numbers of regions having more than 10% of the SNPs with nSL \>2 were identified (Table [S2](#mec15021-sup-0001){ref-type="supplementary-material"}). However, the patterns observed with nSL were less pronounced compared to those with iHS, and fewer SNPs were associated with nSL values \>3 than with iHS values \>3. The number of outlier windows ranged from nine (semicollared flycatcher) to 31 (Czech Republic pied flycatchers). Despite the overall consistency between nSL and iHS, all species showed one or more genomic region/s with a significant signal in one of the statistics but essentially no signal in the other. In particular, in Atlas flycatcher, several narrow regions with a signal in nSL but not iHS could indicate differences in power to detect the locations of sweeps between statistics (Supporting Information Figure [S2](#mec15021-sup-0001){ref-type="supplementary-material"}). The nSL results presented above were calculated based on values obtained with default window size of 200. The nSL results obtained with window size 500 and 1,000 were both highly correlated with the results obtained with default settings (all *r* ≥ 0.95, all *p* \> 0.001).

Several population genetic statistics that are not based on haplotype data can also be informative about recent selection. However, distributions of nucleotide diversity (π), Tajima\'s D, and Fay and Wu\'s H were rather uniform along the Z chromosome (Figure [3](#mec15021-fig-0003){ref-type="fig"}). Only some narrow reductions of the statistics were clearly visible (Figure [3](#mec15021-fig-0003){ref-type="fig"}). For example, π was reduced in all populations at positions 32 and 62 Mb. Several narrow dips of H were identified at 18--23 Mb in semicollared flycatcher. In general, there was little or no correlation between iHS or nSL and any of the population genetic statistics (Table [S3](#mec15021-sup-0001){ref-type="supplementary-material"}). A very similar pattern was observed for correlations between nSL and the population genetic statistics.

![Nucleotide diversity, Tajima\'s D and Fay and Wu\'s H statistics plotted along Z chromosome for 10 flycatcher populations \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](MEC-28-2290-g003){#mec15021-fig-0003}

3.2. XP‐EHH {#mec15021-sec-0007}
-----------

Outlier regions identified by the XP‐EHH scans were much smaller than those found by the other haplotype statistics (Figure [4](#mec15021-fig-0004){ref-type="fig"}; Table [2](#mec15021-tbl-0002){ref-type="table"}). We found 20 outlier windows in collared flycatcher populations, 11 in pied flycatcher populations and eight in the between‐species comparisons. Most outlier windows (75%) were population‐specific. The majority of signals of selection in collared flycatcher were found in the Öland population (73% of population‐specific outlier windows), while we found no outlier windows in the Italian population and only a few in the Czech Republic and Hungarian populations. In pied flycatcher six (out of 11) outlier windows were population‐specific, five of which were found in the Spanish population. Most XP‐EHH outlier windows did not cluster and we only found two instances of subsequent outlier windows (three‐window clusters in the Öland collared flycatcher and the Spanish pied flycatcher populations, respectively). The outlier windows were almost exclusively species‐specific, with only one outlier window shared between pied flycatcher and collared flycatcher. With more strict thresholds (\>15% of SNPs having XP‐EHH \>2 or \<−2), only seven outlier windows were found in both pied and collared flycatcher but the most pronounced population‐specific signals were still recovered (Öland collared flycatcher and Spanish pied flycatcher). We found significant correlations between XP‐EHH values and Tajima\'s D as well as Fay and Wu\'s H (Table [S4](#mec15021-sup-0001){ref-type="supplementary-material"}). There was no correlation between XP‐EHH and nucleotide diversity.

![XP‐EHH scan results summarized as percentage of SNPs with \|XP‐EHH\| \>2 in 200 kb windows. XP‐EHH statistic was calculated for each population in pairwise comparison to other conspecific populations. Different comparisons are presented with different colours. Note that the Y‐axis for the Öland population has a different scale \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](MEC-28-2290-g004){#mec15021-fig-0004}

###### 

Statistics for XP‐EHH outlier windows. A window was considered to be an outlier if at least 10% of SNPs had a XP‐EHH \> 2 or XP‐EHH \< ‐2 (equivalent to Z‐score equal 2)

  Species                   Population   Total number of outlier windows   Number of population‐specific outlier windows
  ------------------------- ------------ --------------------------------- -----------------------------------------------
  Collared flycatcher       Öland        15                                11
  Czech Republic            7            3                                 
  Hungary                   4            1                                 
  Italy                     0            0                                 
  All                       20           15                                
  Pied flycatcher           Sweden       4                                 0
  Öland                     3            0                                 
  Czech Republic            5            1                                 
  Spain                     6            5                                 
  All                       11           6                                 
  Atlas flycatcher                       4                                 0
  Semicollared flycatcher                5                                 2
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3.3. The influence of statistical phasing on haplotype‐based statistics {#mec15021-sec-0008}
-----------------------------------------------------------------------

Selection scans can be facilitated by using full chromosome haplotypes. Moreover, data sets that include full chromosomes obtained without statistical phasing can enable an evaluation of how well statistically inferred haplotype data would capture signatures of selection in the same population. To this end, we performed iHS scans on statistically phased sequence data obtained from the Z chromosome of male flycatchers. We first performed one scan based on 20 haplotypes inferred from 10 males (the same number of individuals as in the female data set) and one scan based on 10 randomly sampled male haplotypes (the same number of haplotypes as in the female data set). The strongly extended haplotype homozygosities on the Z chromosome observed in females were not recovered in any of the two male data sets (Figure [5](#mec15021-fig-0005){ref-type="fig"} and Supporting Information Figure [S3](#mec15021-sup-0001){ref-type="supplementary-material"}). While the number of outlier windows was in fact larger in the two male data sets than in the female data, outlier windows were much more scattered along the chromosome without distinct clustering. There was almost no overlap with the outlier windows identified in females (Table [S5](#mec15021-sup-0001){ref-type="supplementary-material"}). This indicates that most signals of selection detected with statistically phased data from male samples were likely false positives.

![Scaled iHS values plotted along the Z chromosome for females (upper part of each panel) and males (phased using 10 males; lower part of each panel) in 10 flycatcher populations. Each dot corresponds to a single SNP. SNPs with iHS \>0 representing female‐based \|iHS\| and iHS \<0 representing male‐based \|iHS\| x (−1). SNPs with \|iHS\| \>2 are shown in yellow \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](MEC-28-2290-g005){#mec15021-fig-0005}

Since phasing 10 individuals constitutes a lower limit for phasing algorithms (set by the software used), we phased all males from all collared flycatcher populations together (92 individuals). Again, the patterns observed in female data were not recovered (Figure [6](#mec15021-fig-0006){ref-type="fig"}). Then, we used a separate data set of 80 collared flycatcher males from Öland (Kardos et al., [2016](#mec15021-bib-0031){ref-type="ref"}), phased them and compared the iHS patterns with those observed using female collared flycatchers from Öland (Figure [7](#mec15021-fig-0007){ref-type="fig"}). Once again haplotype clusters characterised in female data were not detected in this male data set. In addition, in both of these larger male data sets we identified several regions of haplotype structure that were not observed with female data, indicating false positives (Figure [7](#mec15021-fig-0007){ref-type="fig"}). Interestingly, when performing statistical phasing of males and females together from each population, the iHS patterns observed in the female data sets were mostly recovered (Supporting Information Figure [S4](#mec15021-sup-0001){ref-type="supplementary-material"}).

![Scaled iHS values plotted along the Z chromosome for females and males (phased using 92 males). Each dot corresponds to a single SNP. SNPs with iHS \> 0 representing female‐based \|iHS\| and iHS \< 0 representing male‐based \|iHS\| x (−1). SNPs with \|iHS\| \>2 are shown in yellow \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](MEC-28-2290-g006){#mec15021-fig-0006}

![Heat map representing patterns of haplotype structure on Z chromosome in the Öland population of collared flycatchers using female and male data sets. Windows are coloured according to a colour bar scale showing the percentage of SNPs with \|iHS\| \>2 \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](MEC-28-2290-g007){#mec15021-fig-0007}

4. DISCUSSION {#mec15021-sec-0009}
=============

Haplotype data and statistics include important information about allelic associations that make population genetic analyses more powerful (or at all possible) than when based on genotypes and/or allele frequencies. This holds for several applications (Browning & Browning, [2011](#mec15021-bib-0004){ref-type="ref"}) including genotype imputation (Li, Willer, Ding, Scheet, & Abecasis, [2010](#mec15021-bib-0040){ref-type="ref"}; Marchini & Howie, [2010](#mec15021-bib-0041){ref-type="ref"}; McCarthy et al., [2016](#mec15021-bib-0042){ref-type="ref"}), demographic inference (Hellenthal et al., [2014](#mec15021-bib-0024){ref-type="ref"}; Schiffels & Durbin, [2014](#mec15021-bib-0062){ref-type="ref"}), and selection scans (Amorim et al., [2017](#mec15021-bib-0002){ref-type="ref"}; Sabeti et al., [2002](#mec15021-bib-0059){ref-type="ref"}). Statistical phasing constitutes the most common way of obtaining haplotype data. At the same time, statistical phasing is in itself one of the major sources of error and uncertainty in such data (Browning & Browning, [2011](#mec15021-bib-0004){ref-type="ref"}). For example, switching errors break up true haplotype blocks and result in underestimation of the number of coalescent events in the recent past. Such errors also lower linkage disequilibrium signals and give rise to false associations of alleles. This will affect downstream analyses, like, for example, biasing inference of recent N~e~ in methods that are based on phased genomes (Schiffels & Durbin, [2014](#mec15021-bib-0062){ref-type="ref"}). Here we circumvented the challenges associated with statistical phasing in a selective sweep scan by taking advantage of the fact that genomic resequencing will provide the full haplotype of the X/Z sex chromosome when individuals of the heterogametic sex are analysed.

4.1. Signals of positive selection on the flycatcher Z chromosome {#mec15021-sec-0010}
-----------------------------------------------------------------

Haplotype‐based statistics suggested that the flycatcher Z chromosome is a frequent target for positive selection. The aim of this study was not to identify particular genes subject to selection but rather to provide an overall picture of the landscape of selective sweeps. We found several signals of recently completed sweeps (XP‐EHH), both in comparisons between species and between different populations of collared flycatchers and pied flycatchers. The signals were narrow, essentially only single 200 kb windows, and commonly population‐/species‐specific. The fact that we did not observe shared signals between species is not surprising given that the species are well differentiated, with limited gene flow (Burri et al., [2015](#mec15021-bib-0005){ref-type="ref"}; Nater et al., [2015](#mec15021-bib-0049){ref-type="ref"}). On the other hand, given low within‐species differentiation of flycatcher populations, we may not necessarily have expected population‐specific signals. However, such pattern can likely be explained by the demographic history of different populations. Most population‐specific selections signals in collared flycatcher were found in the recently colonised and likely bottlenecked Öland island population. Similarly, most signals in pied flycatcher were observed in the most divergent and isolated Spanish population.

We also found many signals of ongoing sweeps (iHS and nSL). Like for completed sweeps they were often population‐specific, but, in contrast to the former category, outlier windows clustered and formed extensive haplotype blocks, some of which reached several Mb. This difference can be explained by that after a complete sweep, or at the end of an ongoing sweep, recombination will start to break up the association between selected and linked alleles, and thereby reduce LD and narrow the signal of selection. Additionally, some populations showed more outlier clusters than others, which can be a result of local differences in selection pressure.

We observed a large variance in the size of selection signals indicated by iHS and nSL scans, ranging from 200 kb to several Mb. Such large variance can of course be explained by differences in selection pressure but the difference in strength of selection among selected regions would then have to be very large (Kaplan, Hudson, & Langly, [1989](#mec15021-bib-0030){ref-type="ref"}). Thus, the observed pattern is most likely a result of a combination of several factors. For example, chromosomal inversions suppress recombination in heterokaryotypic individuals and can produce strong signals of haplotype structure at the time the inversion segregates in the population. Although the overall karyotype is remarkably similar among avian lineages (Ellegren, [2010](#mec15021-bib-0018){ref-type="ref"}), chromosomal inversions are far more common than interchromosomal rearrangements and have been shown to produce distinct phenotypes or to be associated with variation in fitness in several bird species (Huynh, Maney, & Thomas, [2011](#mec15021-bib-0028){ref-type="ref"}; Knief et al., [2016](#mec15021-bib-0036){ref-type="ref"}; Küpper et al., [2015](#mec15021-bib-0038){ref-type="ref"}; Lamichhaney et al., [2015](#mec15021-bib-0039){ref-type="ref"}). Importantly, inversions seem to be more common on the avian Z chromosome than on autosomes (Hooper & Price, [2015](#mec15021-bib-0027){ref-type="ref"}). This was clearly illustrated in a comparison of chromosomal organisation in collared flycatcher and zebra finch (Kawakami et al., [2014](#mec15021-bib-0034){ref-type="ref"}). It may be that at least some of the haplotype blocks identified in our Z chromosome scans are associated with inverted regions. For instance, the distinct signal on positions 40.2--44.6 in Atlas flycatcher, with clear start and end points, could be a candidate. However, with the existing data at hand (short‐read sequencing from small insert libraries) it is difficult, if not impossible, to detect inversion breakpoints.

Another possibility is that selection on multiple neighbouring targets may produce a signal of longer haplotypes in comparison to selection acting on a single locus (Chevin, Billiard, & Hospital, [2008](#mec15021-bib-0008){ref-type="ref"}; Hermisson & Pennings, [2017](#mec15021-bib-0026){ref-type="ref"}). Moreover, everything else being equal, the length of selected haplotypes depends on the recombination rate; selection acting in regions of low recombination will produce longer haplotypes.

Demographic events can influence the power to detect selection. Despite the fact that haplotype based statistics were shown to be relatively robust to complex demographic histories (Ferrer‐Admetlla et al., [2014](#mec15021-bib-0022){ref-type="ref"}), we cannot exclude that population‐/species‐specific events influenced the overall pattern observed in the data. For example, the low number of haplotype clusters seen in the Öland population of collared flycatcher may be related to a bottleneck in connection with colonization of the island population. Overall, a difference in the effective population size between pied (lower N~e~) and collared flycatcher (higher N~e~) may have contributed to the differences in number of haplotype clusters observed in the two species. Additionally, the difference in short‐term N~e~ among populations or species may have influenced the prevalence of hard and soft sweeps among populations (Hermisson & Pennings, [2017](#mec15021-bib-0026){ref-type="ref"}).

It has repeatedly been suggested that the X chromosome harbours a disproportionally large number of loci related to natural and sexual selection (Charlesworth, Coyne, & Barton, [1987](#mec15021-bib-0007){ref-type="ref"}; Coyne & Orr, [1989](#mec15021-bib-0010){ref-type="ref"}). The evidence for such large‐X (or large‐Z) effects comes from direct studies of hybrid incompatibilities in crosses (Jiggins et al., [2001](#mec15021-bib-0029){ref-type="ref"}; Presgraves, [2008](#mec15021-bib-0055){ref-type="ref"}), and indirectly from comparisons of relative rates of introgression on sex chromosomes and autosomes (Borge, Lindroos, Nádvorník, Syvänen, & Saetre, [2005](#mec15021-bib-0003){ref-type="ref"}; Carling, Lovette, & Brumfield, [2010](#mec15021-bib-0006){ref-type="ref"}; Elgvin et al., [2011](#mec15021-bib-0016){ref-type="ref"}; Payseur, Krenz, & Nachman, [2004](#mec15021-bib-0053){ref-type="ref"}; Starchova, Reif, & Nachman, [2009](#mec15021-bib-0066){ref-type="ref"}). More recently, genome scans for selection have indicated that the X chromosome of humans and other great apes may be a hot‐spot for selective sweeps (Nam et al., [2015](#mec15021-bib-0048){ref-type="ref"}; Sankararaman et al., [2014](#mec15021-bib-0061){ref-type="ref"}). Our results from an avian system with female heterogamety provide evidence that the Z chromosome is subject to frequent sweeps. However, since we cannot do the same type of analysis (based on whole chromosome haplotypes) for autosomes, we cannot formally test whether sweeps occur at a higher rate on the Z chromosome than on autosomes (cf. Ellegren, [2009](#mec15021-bib-0017){ref-type="ref"}).

In light of the evidence for frequent sweeps documented in this study it may seem paradoxical that recent whole genome sequencing studies did not find clear signatures of recent selection on the flycatcher Z chromosome, neither in the form of locally elevated *F* ~ST~ in between‐species comparisons or locally reduced nucleotide diversity within species (Burri et al., [2015](#mec15021-bib-0005){ref-type="ref"}; Ellegren et al., [2012](#mec15021-bib-0019){ref-type="ref"}). In contrast, most autosomes showed distinct F~ST~ peaks/nucleotide diversity valleys. There are several possible explanations to these seemingly contradictory observations. First, since N~e~ of the Z chromosome is smaller than that of autosomes, lineage sorting of the Z chromosome is faster. This manifests in much higher baseline levels of genetic differentiation on the Z chromosome (mean F~ST~ between collared flycatcher and pied flycatcher = 0.62) than on autosomes (0.35; Ellegren et al., [2012](#mec15021-bib-0019){ref-type="ref"}), which can potentially mask signals of elevated differentiation driven by selection. Second, it has been suggested that distinct *F* ~ST~ peaks/nucleotide diversity valleys on autosomes are mainly driven by linked selection in regions of low recombination, with a strong role of background selection (e.g., Burri et al., [2015](#mec15021-bib-0005){ref-type="ref"}). Recombination rates across the flycatcher Z chromosome are more uniform than on autosomes (Burri et al., [2015](#mec15021-bib-0005){ref-type="ref"}; Ellegren et al., [2012](#mec15021-bib-0019){ref-type="ref"}). More generally, the much stronger signatures of selection on the Z chromosome found in this study may simply reflect the increased power provided by haplotype‐based statistics in detecting selection.

It was somewhat surprising that there was almost no correlation between the Tajima\'s D and Fay and Wu H statistics, and iHS. However, different statistics vary in power to detect sweeps at different stages. Haplotype‐based statistic have much higher power at low/intermediate frequency of the selected allele, while the strongest signals of Tajima\'s D and Fay and Wu\'s H are expected when a selected sweep is almost completed (Voight et al., [2006](#mec15021-bib-0075){ref-type="ref"}). Additionally, while signals from the site frequency spectrum are expected to last for approximately 0.1 N~e~ generations, signals based on haplotypes fade away quicker (approximately after 0.01 N~e~ generations; Przeworski, [2002](#mec15021-bib-0057){ref-type="ref"}; Pennings & Hermisson, [2006](#mec15021-bib-0054){ref-type="ref"}). It is also possible that Tajima\'s D and Fay and Wu\'s H are more affected by demography than haplotype‐based statistics.

4.2. Whole chromosome haplotypes vs. statistical phasing {#mec15021-sec-0011}
--------------------------------------------------------

An important part of this study was the comparison of haplotype‐based selection scans using either statistically phased data or whole Z chromosome haplotypes. Sex chromosomes offer an ideal opportunity for such a test, since scans of the same chromosome, sampled from the same population, can be made both using statistically phased data (male samples) and whole chromosome haplotypes (female samples). The results of the comparison were very clear: iHS scans of males based on either the same number of males as females (10), or the same number of phased chromosomes of males and females (10), essentially failed to detect the distinct signals of selection seen in female scans. This is not surprising since a sample size of 10 is far below recommended values for statistical phasing (Choi, Chan, Krikness, Telenti & Schork, [2018](#mec15021-bib-0009){ref-type="ref"}; Browning & Browning, [2011](#mec15021-bib-0004){ref-type="ref"}). However, the same was true when increasing the number of males that were statistically phased to 80 from an independent sample of collared flycatchers, or to 92 when pooling collared flycatchers from the different populations. These sample sizes are on the lower bound of recommendation for statistical phasing (Browning & Browning, [2011](#mec15021-bib-0004){ref-type="ref"}). Moreover, the scattered appearance of signatures of selection using male data not replicated in the analyses of whole Z chromosome haplotypes is indicative of a very high rate of false positives. The conclusion here was thus that inference of selection based on results from statistically phased haplotypes may both be misleading in terms providing spurious signals and by missing what are likely to be true signals.

An important implication of our observations is that they raise some concern about conclusions made in several recent studies of demography or in selection scans of natural populations where statistical phasing has been made using small sample size (Akagi et al., [2016](#mec15021-bib-0001){ref-type="ref"}; Gagnaire et al., [2013](#mec15021-bib-0023){ref-type="ref"}; McGirr, Martin, & Agashe, [2017](#mec15021-bib-0043){ref-type="ref"}; Velasco, Hough, Aradhya, & Ross‐Ibarra, [2016](#mec15021-bib-0072){ref-type="ref"}; Wang, Street, Scofield, & Ingvarsson, [2016](#mec15021-bib-0076){ref-type="ref"}). Specifically, low power to detect signals of selective sweeps will underestimate the importance of adaptive evolution. In addition, signals that are detected may be false.
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